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Rift Valley fever (RVF) is a zoonotic disease which causes significant morbidity and mortality among ungulate 25 livestock and humans in endemic regions. In the major RVF epizootic regions of East Africa, the causative 26 agent of the disease, Rift Valley fever virus (RVFV), is primarily transmitted by multiple mosquito species in 27 Aedes, Culex, and Mansonia genera during both epizootic and enzootic periods in a complex transmission cycle 28 largely driven by the environment. However, recent RVFV activity in Uganda demonstrated that RVFV could 29 also spread into new regions through livestock movements, and underscored the need to develop effective 30 mitigation strategies to reduce transmission and prevent spread among cattle operations. We simulated RVFV 31 transmission among cattle in different sub counties of Kabale District in Uganda using real world livestock data 32 in a network-based model. This model considered livestock as spatially explicit factors in different sub-counties 33 subjected to specific vector mosquito and environmental factors, and was configured to investigate and 34 quantitatively evaluate the relative impacts of mosquito control, livestock movement regulations, and diversity 35 in cattle populations on the spread of the RVF epizootic. We concluded that cattle movement should be 36 restricted during periods of high vector mosquito abundance to control the epizootic spreading among sub-37 counties. On the other hand we found that mosquito control would only be sufficient to control the epizootic 38 when mosquito abundance was low. Importantly, simulation results also showed that cattle populations with a
Introduction areas of Africa, due to flooded ground pools stimulating massive emergence of transovarially RVFV-infected mosquitoes during blood feeding [2, 4, 5] . However, areas outside the recognized RVF epizootic regions, 50 especially in central Africa, may not experience transmissions linked to elevated rainfall [6] . In these areas,
51
RVFV is most likely spread via movements of infected livestock from endemic areas with elevated rainfall: 52 livestock trading across different market areas may include infectious cattle that could disperse the virus and, 53 in the presence of suitable mosquito vectors, accelerate and expand the transmission of RVFV, especially when 54 cattle operations are distributed across large distances but linked by trade [7] . Patterns of recent RVF activity in 55 Uganda first described on 9 March 2016 support this hypothesis of RVFV spread linked to the cattle trade [8] 56 and underscore the need to develop effective operational surveillance and mitigation strategies to reduce 57 transmission and prevent spread among cattle operations. In this study we designed a network-based epidemic 58 transmission model to run simulations to quantitatively investigate the patterns of spread of RVFV across cattle 59 operations in Kabale District, Uganda, providing an opportunity to thus quantitatively investigate the potential 60 impact of various mitigation methods. takes into account mosquito vector density proportional to host density (m), daily probability of host being fed 175 upon (a), probability of daily survival of the vector (p), length of the virus extrinsic incubation period in days 176 (n), and vector competence, or, the proportion of mosquitoes able to transmit RVFV (b) [9, 12] .
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RVFV Infection in Cows and Mosquitoes
177
In our model we estimated a composite index of vectorial capacity across indigenous mosquito species that 178 takes into account survival and population density and can be estimated by real world data. If non-infected 179 competent mosquito vectors are present and feed on newly arrived infectious cows, a fraction of these 180 mosquitoes, proportional to vectorial capacity will become infected with RVFV, become infectious, and 181 transmit the virus to immunologically naïve cows during subsequent blood feeding [9] . 
197
The node transition graph in Fig. 1 represents the sequence of the progression of the RVFV infection in a cow 198 (node) through four compartments, and is the core of the spread model: Once a susceptible (S) node is in 199 physical proximity of an infectious node, virus transfer takes place with a rate β that is equal to the transmission 200 rate, which is directly proportional to vectorial capacity, and moves the cow into the exposed (E) compartment.
201
If a susceptible cow has Y i infectious neighbors, then the probability of the susceptible cow to receive virus 202 transmission is βY i . Therefore, the total rate at which susceptible cows can become infected is proportional to 203 the number of infectious cows in the neighborhood and the vectorial capacity of available mosquito vectors.
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The transition of the cow from the exposed compartment (E) to the infectious (I) compartment takes place at a 205 rate , and represents the time the pathogen will take once it enters into the host body to replicate enough for 206 the cow to become infectious -i.e., capable of infecting a naïve mosquito which may then infect a susceptible 207 cow. Infectious cows are finally transferred to the recovered/removed compartment (R) with a rate . We did 208 not distinguish whether RVFV-infected cows died or were recovered in this model; the endpoint in the 209 simulation for an individual cow (node) was reached when it entered the R compartment.
210
Among these three transitions, the virus transfer from susceptible to exposed is called an edge-based transition 211 because of the dependency on competent mosquito species, infectious cattle, and susceptible cattle. A 212 transmission is possible only when there is a link between infectious and susceptible cattle. This link does not 213 represent a physical contact between cattle, but rather the possibility of RVFV transfer via mosquito from 214 infectious cattle to a susceptible one. The other two transitions, exposed to infectious and infectious to simulations using Generalized Epidemic Modeling Framework (GEMF) that was developed by the Network 218 Science and Engineering (NetSE) group at Kansas State University [4, 13] . In the SEIR model based on GEMF, 219 infection processes were Poisson processes independent of each other. The node-level Markov process for node 220 i, i= 1, 2,...N, is expressed as:
224 where x i = 0, 1, 2, or 3, which correspond to node i being in the susceptible, exposed, infectious, or 225 recovered/removed state, respectively [9] . The value X (t) is the joint state of all nodes -the network state -at 226 time t. In our model we used GEMF because it is individual-based which provides more accurate predictions 227 than meta-population models [9] when we have real world data available. This individual-based GEMF model 228 has also the ability to incorporate more complex network topologies when individual animal contact data are 229 available.
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Cattle Network Scenarios
231
In the data set shown in (Fig. 2) . For the second set of simulations, we showed the evolution of cattle in different compartments in the SEIR 269 model by choosing a set of values of β (0.001, 0.005, 0.01, and 0.03) and starting with only one infected cattle 270 in the Kabale Municipality (Fig. 2) for each simulation. 
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From Fig. 4 , for k=0.01 and 0.001 we can see that after hundred days and for β=0.005 the infection reaches 299 half the population. However, for k=0.1, after 100 days almost all of the cattle were infected. This is because 300 the network was densely connected and it was easier for RVFV to be transmitted between individual animals 301 than between sub-counties. This demonstrates that network structure plays a prominent role in RVFV spreading 302 when the value of β is small. A value of k=0.1 means that extensive cattle movement between sub-counties will 303 lead to infections in all cattle.
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Scenario 2 305
In the second set of simulations we used a β ranging from 0.001 to 0.048 (the upper range) for the homogenous 306 network. Simulations results using these values are presented in Fig. 5 for all three values of the parameter k. 
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From Fig. 5 we can see that fraction of infected cattle reached 1 very quickly for this particular range of β for 313 all three values of k. This is because we already have connections between sub-counties for all three networks.
314
The whole cattle network becomes infected irrespective of the transmission rate (β) or cattle movement 315 probability (k) the Therefore, we can say that for upper values of β, i.e., for higher abundance of mosquitoes and favorable weather conditions, the infection spread does not depend on the network structure and spreads 317 throughout the whole network very quickly.
In this scenario, we repeat the simulations for the lower range of β but for the heterogeneous network, and 320 simulation results for three different values of k are presented in Fig. 6 A very important point to be noted here is that fractions of recovered means these were the cattle 387 who were infected in the first place. As we have not considered any disease induced mortality in the model, all 388 infected cattle move to the recovered compartment. Therefore, the fraction of recovered cattle can be considered 389 the cumulative fraction of infected for our specific model. 
Scenario 2
397
Simulation results for heterogeneous network with the initial condition of a single infected cattle in Kabale 398 Municipality is presented in Fig. 11 . 
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Time taken to reach the maximum infection is smaller for simultaneous outbreaks regardless of the network 435 structure than single-location outbreaks for similar values of the transmission rate β (Fig. 12) . The spreading of 436 infection through the network is always slower in the heterogeneous network for both single and simultaneous 437 outbreaks. Infections spread slowly for the single-location outbreak in the network compare to the rate of spread time is close to 100 d for all simulations except simultaneous outbreaks in homogeneous networks (Fig. 12) .
440
This means that the peak has not been reached yet, and the number of infected cattle is still increasing. When 441 we increase β to 0.01 (high mosquito abundance), the time to reach the peak reduces drastically for all of them. time. However, with increase of β, the peak time returns to its regular pattern shown in Fig. 12a . We also don't
Conclusions
465
Simulation results across multiple scenarios within these three simulation sets provide us important mitigation 466 and intervention strategies. When a RVF outbreak occurs in a location with greater number of cattle, the 467 infection spreads faster while infecting greater numbers of cattle than when an outbreak occurs in a location 468 with fewer cattle. Therefore, the more the cattle in the initial outbreak location, the faster the spread and the 469 more severe the epizootic. Simultaneous outbreaks in multiple locations will result in more severe and faster 470 spreading of the epizootic than outbreak in a single location. That is evident from the values of the time to reach 471 the maximum infection (Fig. 12 ) and rate at which the maximum infection is reached (refer to Tables in   472  Supplementary Material) . Simulation results for different initial conditions and from both homogeneous and 473 heterogeneous networks reveal similar patterns. Given the same initial conditions, the heterogeneous network 474 is less susceptible to infection than the homogeneous network. This is evident from the rate at which infection 475 reaches maximum fraction of infected, the value of the maximum infected fractions, and total cumulative 476 fraction of infected.
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We have used the cattle data for Kabale District and created a cattle movement network following an Erdos-
478
Renyi topology inside each sub-county and exponential topology for inter sub-county movement. We have 479 created two different networks-homogenous and heterogeneous -depending on the relative susceptibility of 480 indigenous and exotic cattle. We used three different exponential parameters for each of the two networks to 481 explore different spectra in inter sub-county movement probability. These networks were then used to run 482 individual-based simulation using the GEMF tool developed in K-State NetSE group. From the simulation 483 results, we saw that when the transmission rate is low, then the spread of RVFV throughout the network is 484 dependent on inter sub-county movement probability. The more the probability, the more the fraction of 
